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Osmotic fragilityWe examined the effect of dicarboxylic acids having 0 to 6 hydrocarbons and their corresponding mono-
carboxylic or tricarboxylic acids in changing the osmotic fragility (OF) in rat red blood cells (RBCs).
Malonic, succinic, glutaric and adipic acids, which are dicarboxylic acids with 1, 2, 3 and 4 straight hydro-
carbons located between two carboxylic groups, decreased the OF in a concentration-dependent manner.
Other long-chain dicarboxylic acids did not change the OF in rat RBCs. The benzoic acid derivatives,
isophthalic and terephthalic acids, but not phthalic acid, decreased the OF in a concentration-dependent
manner. Benzene-1,2,3-tricarboxylic acid, but not benzene-1,3,5-tricarboxylic acid, also decreased the
OF in rat RBCs. On the other hand, monocarboxylic acids possessing 2 to 7 straight hydrocarbons and
benzoic acid increased the OF in rat RBCs. In short-chain dicarboxylic acids, a limited number of hydrocar-
bons between the two carboxylic groups are thought to form a V- or U-shaped structure and interact with
phospholipids in the RBC membrane. In benzene dicarboxylic and tricarboxylic acids, a part of benzene
nucleus between the two carboxylic groups is thought to enter the plasma membrane and act on
acyl-chain in phospholipids in the RBC membrane. For dicarboxylic and tricarboxylic acids, limited
numbers of hydrocarbons in molecules are speculated to enter the RBC membrane with the hydrophilic
carboxylic groups remaining outside, stabilizing the structure of the cell membrane and resulting in an
increase in osmotic resistance in rat RBCs.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
Previous reports have shown that osmotic fragility (OF) in eryth-
rocytes is a useful indicator for evaluating interactions of various
substances with the cell membrane in vitro. It was demonstrated
that general [1,2] and local anesthetics [3,4], some kinds of drugs
[5,6] and toxins [7,8], inorganic [9,10] and organic compounds
[11,12], as well as substance isolated from plants [13,14], and crude
plant extracts [15,16], have the potential to affect the OF in red
blood cells (RBCs). The amount of cholesterol, which is one of
major components of the cell membrane, is known to affect mem-
brane fragility in erythrocytes [17–19]. However, the mechanisms
underlying these changes in the OF in RBCs have not been clariﬁed
in detail.
In our previous reports, short-chain fatty acids (SCFAs), which
possess a carboxylic acid (monocarboxylic acid) with hydrocarbon
chains of varying lengths, increased the OF in rat RBCs [20,21]. The
observed effect on OF occurred in a concentration-dependent man-
ner and was also dependent on the number of hydrocarbon chains
in the SCFA moiety [21]. Those effects on the OF were also induced
by the application of benzoic acid (benzene monocarboxylic acid)+81 12 334 0057.
o).
rights reserved.as well as a number of its analogs to rat RBCs [22]. In addition, as
the monocarboxylic acid-mediated increase in OF was not abolished
by the treatment of RBCs with trypsin, it is evident that the outer
protein in the RBC membrane is not involved in the increase in OF
[20,22]. Thus, monocarboxylic acids probably affected phospholipids
in the RBC membrane directly and resulted in a decrease in osmotic
resistance.
The substances found to increase the OF possessed a common
chemical structure; i.e. theywere composed of a hydrophobic hydrocar-
bon element together with a hydrophilic carboxylic group. During the
clariﬁcation of the structure–activity relationship, it was found that
the presence of a carboxylic group in amoietywas necessary to increase
the OF in rat RBCs. On the other hand, it has not been clariﬁed that
fatty acids to which a second or a third carboxylic group was added
(dicarboxylic or tricarboxylic acids) have the potential to affect mem-
brane stabilization and resistance to osmotic pressure in erythrocytes.
In the present study, we examined the effects of various kinds of
dicarboxylic acids having hydrocarbon chains of varying lengths,
including benzene dicarboxylic acids, at a wide range of concentra-
tions, on OF in rat RBCs. Monocarboxylic acids possessing straight-
chain hydrocarbons and benzoic acid were used as a control sub-
stance to compare the effects onmembrane stabilization. In addition,
two kinds of benzene tricarboxylic acids were also examined for this
experiment.
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2.1. Animals
This study was approved by the Hokkaido Bunkyo University
Ethics Committee. The animals were maintained in accordance with
the National Institutes of Health Guidelines for the Care and Use of
Laboratory Animals. Male Sprague–Dawley rats (8 weeks old, Japan
SLC, Shizuoka, Japan) were housed in individual stainless-steel
metabolic cages. The cages were placed in a room with controlled
temperature (22–24 °C), relative humidity (40–60%) and lighting
(light 08:00–20:00). The animals had free access to tap water and a
pelleted rat diet (CE-2, Japan Clea, Tokyo, Japan) for more than
1 week before the start of the experiments. Blood samples were
taken from the rats (386 ± 47 g, n = 24) at between 9 and
11 weeks old (10 ± 1 weeks).
2.2. Reagents
Biochemical grade formic acid, acetic acid, propionic acid, n-butyric
acid, n-valeric acid, n-caproic acid, n-enathic acid, n-capric acid, oxalic
acid, malonic acid, succinic acid, glutaric acid, adipic acid, pimelic acid,
sebacic acid, azelaic acid, benzoic acid, phthalic acid (benzene-
1,2-dicarboxylic acid), isophthalic acid (benzene-1,3-dicarboxylic
acid), telephthalic acid (benzene-1,4-dicarboxylic acid), benzene-
1,2,3-tricarboxylic acid, and benzene-1,3,5-tricarboxylic acid were
purchased from Tokyo Kasei Kogyo Co., Ltd (Tokyo, Japan) or Wako
Pure chemical Co., Ltd. (Osaka, Japan). All other reagents used in
this study were also of biochemical grade.
2.3. Preparation of rat RBCs
On the day of the experiment, the rats were anesthetized with
pentobarbital sodium (30 mg/kg) and blood (12–15 ml) was collect-
ed from the abdominal aorta into a heparinized test tube. The RBCs
were separated from the plasma by centrifugation at 2000 g for
15 min at 4 °C (Himac R22, Hitachi Inc., Tokyo, Japan). After the
plasma and leukocyte layer were removed, the crude RBCs (6 ml)
were then washed three times with 12 ml of cold 0.9% NaCl solution.
A dense-packed cell suspension was obtained and thereafter kept in
ice-cold water until subsequent treatment.
2.4. Experimental procedure
The dense-packed cell suspension (40 μl) was transferred into
0.8 ml of a phosphate–NaCl buffer solution (pH7.4) containing benzoic
acid or its derivatives at 0, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50 or 100 mM in
1.5-ml micro test tubes (Nichiryo Co., Ltd., Tokyo, Japan). The osmolar-
ity was regulated by the amount of NaCl added to the buffer solution
when each substance was applied. To compare the effect of benzoic
acid (parent chemical) and its derivatives, OFdeterminationwas under-
taken using RBCs obtained from the same rat. All RBC suspensions
used for chemical compound treatment were incubated by shaking
(1 stroke/s) at 37 °C for 1 h (Shaking Bath TBK202DA, Advantec Co.,
Ltd., Tokyo, Japan). EachRBC suspensionwasmixed gently after incuba-
tion, and then 50 μl was transferred into a 96-deep-well micro-plate
(2 ml volume, Whatman Inc., Piscataway, NJ, USA) containing 1 ml of
a 0.2–0.9% NaCl solution. The deep-well plate was immediately
centrifuged at 1300 g (Plate Spin II, Kubota Inc., Tokyo, Japan) for
10 min at room temperature (22–24 °C). The supernatants (200 μl)
containing various concentrations of hemoglobin derived from the
hemolyzed RBCs were transferred into another 96-well micro-plate
(300 μl volume, Whatman Inc., Piscataway, NJ, USA) and determined
colorimetrically at 540 nm (Microplate reader Model 680, Bio-Rad
Laboratories, Tokyo, Japan).2.5. Statistical analysis
Complete hemolysis of the RBC suspension occurred in the 0.2%
NaCl solution, for which the hemoglobin concentration was deﬁned
as 100%. Hemolysis of the RBCs did not occur in the 0.9% NaCl
solution, for which the hemoglobin concentration was deﬁned as
0%. The effective concentration of the NaCl solution inducing 50%
hemolysis (EC50) of the applied RBCs was calculated from the
hemolysis curve by using a straight-line equation between the
points immediately adjacent to 50%. All values are expressed as
means ± SD. The signiﬁcance of the differences between the
control (0 mM) and subsequent concentrations (0.1–100 mM)
was determined by Dunnett test following One-way ANOVA.
Statistical analyses among tested chemicals were performed using
a paired t-test (2 groups) or Tukey test (3 or 4 groups). Statistical
analyses were performed using Excel Tokei for Windows 2008
(SSRI Co., Ltd., Tokyo, Japan). A difference with P b 0.05 was consid-
ered statistically signiﬁcant.3. Results
3.1. Typical OF curves for rat RBCs in response to monocarboxylic and
dicarboxylic acids
Changes in the typical hemolytic curve for rat RBCs exposed to
monocarboxylic and dicarboxylic acids are shown in Fig. 1A and B.
The curves were shifted right with increases in the concentrations
of monocarboxylic acids (butyric acid and benzoic acid at 25 and
100 mM application) or shifted left with decreases in the concentra-
tions of dicarboxylic acids (glutaric acid and isophthalic acid at 25
and 100 mM application) in a parallel manner. The EC50 values for
the added RBCs were evaluated and used as a measure of OF. The
values described below were obtained from the hemolytic curve
of each of the monocarboxylic, dicarboxylic, and tricarboxylic acids
examined in this experiment.3.2. Comparison of the effect on OF in rat RBCs between monocarboxylic
acids with straight hydrocarbon chains and their corresponding
dicarboxylic acids
Concentration–response relationships between the concentrations
of the tested chemicals and their effects on the EC50 values of rat
RBCs are shown in Figs. 2 and 3.
The application of monocarboxylic acids increased the OF in a
concentration-dependent manner (P b 0.05), except for formic and
acetic acids (Fig. 2A and B). The increases in OF were also dependent
on the number of hydrocarbon atoms in their molecules (Figs. 2 and
3). No OF value could be obtained for n-capric acid at 100 mM as
hemolysis of the RBCs occurred immediately on its application at that
concentration (Fig. 3D).
For dicarboxylic acids, malonic, succinic, glutaric and adipic
acids decreased the OF in a concentration-dependent manner
(Figs. 2B, C, D and 3A). Statistically signiﬁcant decreases in OF
were occurred at 25, 50 and/or 100 mM application of those
dicarboxylic acids (P b 0.05). Oxalic acid showed no effect on OF
at concentrations up to 50 mM (Fig. 2A). The OF value for oxalic
acid at 100 mM was not obtained, because RBC clots were formed
after the application of oxalic acid at that concentration. Pimelic
and sebacic acids tended to decrease the OF at concentrations up
to 50 mM and to increase the OF at 100 mM, although these
changes were not statistically signiﬁcant (P > 0.05) (Fig. 3B and
C). Azelaic acid did not affect the OF at concentrations up to
50 mM, but a signiﬁcantly increased OF value was obtained at
100 mM (P b 0.05) (Fig. 3D).
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Fig. 1. Hemolytic curves for rat RBCs exposed to monocarboxylic and dicarboxylic acids. Values are means ± SD (n = 7). Hemolytic curves for rat RBCs were obtained after
exposure to substances at each concentration for 1 h. Curves were determined for n-butyric acid and glutaric acid (A) or benzoic acid and isophthalic acid (B) at 25 and
100 mM. The control curve represents 0 mM in both panels. The EC50 value for hemolysis (concentration in NaCl %) was obtained by using a straight-line equation between the
points immediately above and below 50%. The value obtained was used as a measure of OF.
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and tricarboxylic acids on OF in rat RBCs
The application of benzoic acid increased the OF, with OF values
signiﬁcantly higher than the control value (0 mM) obtained at con-
centrations above 25 mM (P b 0.05) (Fig. 4A). Although phthalic
acid treatment did not affect the OF in rat RBCs, isophthalic and
telephthalic acids both decreased the OF in a dose-dependent
manner. OF values signiﬁcantly lower than the control value
(0 mM) were induced by isophthalic acid at 50 and 100 mM, and
telephthalic acid at 100 mM (P b 0.05).
A comparison of benzoic acid and two kinds of benzene tricarboxylic
acids showed that OF values signiﬁcantly higher than the control value
(0 mM)were obtained by benzoic acid at concentrations above 25 mM
(P b 0.05) (Fig. 4B). Application of benzene-1,2,3-tricarboxylic acid
decreased the OF, with OF values signiﬁcantly lower than that of the0.300 
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Fig. 2. Dose–response relationships for monocarboxylic acids with straight hydrocarbon cha
the effects of formic and oxalic acids (A), acetic and malonic acids (B), propionic and succinic
(n = 7). The monocarboxylic acid is represented by closed circles (●) and the dicarboxylic a
between the control (0 mM) and subsequent concentrations (0.1–100 mM) on the basis of D
the monocarboxylic acid and the corresponding dicarboxylic acid at the same concentrations acontrol (0 mM) obtained at 50 and 100 mM (P b 0.05). Treatment
with benzene-1,3,5-tricarboxylic acid did not affect the OF in rat RBCs.
No OF value was obtained for benzene-1,3,5-tricarboxylic acid at
100 mM as RBC clots were formed after its application.
4. Discussion
In this experiment, we compared the effects of dicarboxylic acids
possessing hydrocarbons in their moiety and their corresponding
monocarboxylic or tricarboxylic acids on the OF in isolated rat RBCs.
Among the tested dicarboxylic acids, malonic, succinic, glutaric and
adipic acids, all of which have short hydrocarbon chains between two
carboxylic groups in their moiety, decreased the OF in rat RBCs in a
concentration-dependent manner. Other dicarboxylic acids having long
hydrocarbon chain did not have any apparent effect on the OF in rat
RBCs. Among the benzoic acid derivatives, isophthalic and telephthalic0 0.1 1 10 100
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Fig. 3. Dose–response relationships for monocarboxylic acids with straight hydrocarbon chains and their corresponding dicarboxylic acids on OF in rat RBCs. Comparisons between
the effects of n-valeric and adipic acids (A), n-caproic and pimelic acids (B), n-enathic and sebacic acids (C), and n-capric and azelaic acids (D), are presented. Values are the
means ± SD (n = 7). The monocarboxylic acid is represented by closed circles (●) and the dicarboxylic acid by closed triangles (▲). Open symbols indicate that there was a
signiﬁcant difference between the control (0 mM) and subsequent concentrations (0.1–100 mM) on the basis of Dunnett test (P b 0.05). Asterisks represent a signiﬁcant difference
in OF values between the monocarboxylic acid and their corresponding dicarboxylic acid at the same concentrations according to paired-t test (P b 0.05).
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rat RBCs. In addition, benzene-1,2,3-tricarboxylic acid, but not benzene-
1,3,5-tricaboxylic acid, has the potential to decrease the OF in rat RBCs.
These results indicate that substances possessing a limited number of
hydrocarbons or a benzene ring bound to two or three carboxylic groups
have the potential to decrease the OF in rat RBCs. To date, this is a ﬁrst
report indicating that substances possessing a simple chemical structure
have the potential to stabilize RBC membrane and enhance resistance to
osmotic pressure.
On the other hand, the application ofmonocarboxylic acids used as a
control increased the OF in rat RBCs. The effects of thosemonocarboxyl-
ic acids on the OF occurred in both a concentration-dependent and
hydrocarbon number-dependent manner. The benzoic acid treatment
also increased the OF in rat RBCs dose-dependently. In our previous
report, the application of monocarboxylic acids possessing straight
hydrocarbon chains, or SCFAs, also increased the OF in rat RBCs [21].0.250 
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values between the monocarboxylic acid and their corresponding dicarboxylic acid at the sIt was reported that ascorbic acid-based amphiphiles, which have
hydrophobic chains of various lengths in their moieties, increased
osmotic resistance in human erythrocytes [23]. The effect on osmotic
lysis in erythrocytes also depended on the length of the hydrophobic
chain in ascorbic acid analogs. Recently, it has been demonstrated that
benzoic acid and its derivatives have an OF-increasing effect in isolated
rat RBCs [22]. We have hypothesized that the hydrophobic hydrocar-
bons in those substances may disturb the phospholipid layer in
the cell membrane and induce changes in the membrane structure,
resulting in a decrease in the OF in rat RBCs [21,22].
It appears difﬁcult for two or three carboxylic groups with a hydro-
philic nature to enter the hydrophobic phospholipid layer in the RBC
membrane. The hydrophobic hydrocarbon elements in those dicarbox-
ylic or tricarboxylic acidsmay, however, enter the phospholipid layer in
the RBCmembranewith the two or three hydrophilic carboxylic groups
remaining in lipid–water interface of the membrane. The hydrocarbon*
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Fig. 5. Schematic representation illustrating distribution of various dicarboxylic acids
in the RBC membrane. In short-chain dicarboxylic acids, hydrocarbons between the
two carboxylic groups form a V- or U-shaped structure and interact with phospholipids
in the RBC membrane. In benzene compounds, a part of the benzene nucleus enters
into the RBC membrane and affects the phospholipid layer. In both cases, the hydrocar-
bon element in the molecule takes a ﬂat but not crooked conformation. Carboxylic
groups locate in the lipid–water interface and play a role in stabilizing the RBC mem-
brane. We propose that the effect of dicarboxylic acids on the RBC membrane can be
regarded as a “wedge-like effect”.
2383H. Mineo et al. / Biochimica et Biophysica Acta 1828 (2013) 2379–2384elements may bind the acyl-chains of the phospholipids positioned
close to themembrane, affecting themembrane structure and resulting
in increased membrane resistance to osmotic pressure.
The limited number of carbon molecules is probably related to the
space occupied by the hydrocarbon elements in the phospholipid
layer in the RBC membrane. Among the straight-chain dicarboxylic
acids tested, malonic, succinic and glutaric acid possess one, two or
three hydrocarbons between the two carboxylic groups, respectively.
It can be speculated that, when those substances act on the RBCmem-
brane, the hydrocarbon chain takes on a V- or U-shaped conformation
in a planar structure with carboxylic groups positioned at both ends.
Adipic acid also decreased the OF, but the effect was small compared
to those of the other three dicarboxylic acids. Adipic acid has four
hydrocarbons between two carboxylic groups and it cannot form a
V- or U-shaped planar structure as each carbon bond forms an angle
of 109.5° and the two carboxylic groups at the ends hinder the forma-
tion of a planar molecule structure. Thus, the moieties of the dicar-
boxylic acids possessing more than four hydrocarbons probably
become distorted, but do not form a V- or U-shaped planar structure.
The cell membrane is composed of almost equal proportion by
weight of cholesterol and phospholipids [24]. Internal cholesterol in
the plasma membrane, particularly in the RBC membrane, has been
known to form a composite structure with phospholipids and pro-
teins [25]. The cholesterol/phospholipid ratio in the cell membrane
affects the membrane intensity and/or ﬂuidity, resulting in changes
in the structure and function of the cell itself [26]. The ratio of choles-
terol incorporated into the plasma membrane is an important factor
in determining the OF value in RBCs [17–19]. It has been demonstrat-
ed recently that a two-dimensional plane structure is important for
the binding of cholesterol to acyl-chains in the phospholipid layer in
the cell membrane [24].
For the three isomers of benzene dicarboxylic acid, the positions
of the two carboxylic groups were important in determining their
effect on the OF in rat RBCs. With respect to the center of the benzene
ring, the two carboxylic groups in phthalic, isophthalic and
telephthalic acids are positioned at an angle of 60 (o-), 120 (m-)
and 180 (p-position) degrees, respectively. In each of these
positions, planar structure of conjugated benzene nucleus can be
maintained. If the hydrophilic part of the carboxylic groups is located
in lipid–water interface of the RBC membrane, the angle formed by
the two carboxylic groups will affect the portion of the benzene
nucleus in the phospholipid layer in the RBC membrane. When the
two carboxylic groups form an acute angle (o-position) or obtuse
angle (p-position), the hydrophobic benzene nucleus enters more
or less deeply into the lipid layer of the membrane, respectively.
The differences in the location of the benzene ring in the phospholip-
id layer probably inﬂuence membrane structure, resulting in differ-
ences in the effect on the OF in the rat RBCs. It can be considered
that a portion of the hydrocarbons in the conjugated benzene ring
of isophthalic and telephthalic acids between the two carboxylic
groups take on a V- or U-shaped conformation, like short-chain
dicarboxylic acids.
In the tested tricarboxylic acids, benzene-1,2,3-tricarboxylic acid,
but not benzene-1,3,5-tricarboxylic acid, has the potential to decrease
the OF in rat RBCs. The benzene-1,2,3-tricarboxylic acid moiety has
the hydrophilic carboxylic groups distributed to one side of the
molecule. It is possible that a limited part of hydrophobic benzene
nucleus may bind to phospholipid acyl-chains in the RBC membrane,
with the three hydrophilic carboxylic groups remaining outside the
water–lipid interface. This is thought to result from the hydrophobic
elements in benzene-1,3,5-tricarboxylic acid moiety being distributed
bilaterally, not unilaterally in the molecule.
It was reported that general anesthetics, both volatile gases and
injection drugs, demonstrate an OF-increasing effect in erythrocytes
[1,2]. On the other hand, local anesthetic drugs were reported to de-
crease the OF in isolated human RBCs [3,4]. Tetracaine chlorhydrate,a local anesthetic, locates in the inner layer of the lipid bilayer and
affects both phospholipids and structural proteins, resulting in
rheology of the cell membrane in erythrocytes [4]. Recently, it has
been clariﬁed, using an NMR technique, that local anesthetics are
located in the lipid–water interface in membrane preparations
[27,28]. In addition, aromatic (benzene) rings were placed close to
the aqueous phase in the surface region and hydrophobic side chains
were located deeper in the membrane [28]. We also assume that the
tested dicarboxylic and tricarboxylic acids locate close to the surface
of the membrane and the hydrophobic hydrocarbon elements enter
into the phospholipid layer in the RBC membrane.
The biological activities of dicarboxylic and tricarboxylic acids may
be not only dependent on their chemical structure but also on the
characteristics of the lipid layer at the action sites in the erythrocytes.
The composition of the phospholipids in the cell membrane was
reported to vary between tissues in the same species [29] and between
the same tissues among different species [30]. We have to clarify
whether the phenomenon observed in this study can be extrapolated
to the cell membrane of other tissues or the RBCs of other species.
In conclusion, dicarboxylic and tricarboxylic acids with a hydrocar-
bon chain of a certain dimension, including a conjugated benzoic
nucleus, stabilize the cell membrane and decrease the OF in isolated
rat RBCs. Fig. 5. shows a schematic diagramof actionmodel in dicarbox-
ylic acids on the RBC membrane. A hydrocarbon element with a certain
number of carbon atoms (the hydrophobic portion) and two or three
carboxylic groups (the hydrophilic tail) is necessary to decrease the
OF. In short-chain dicarboxylic acids, hydrocarbons between the two
carboxylic groups are thought to form a V- or U-shaped structure
and interact with phospholipids in the RBC membrane. In benzene
compounds, a part of the benzenenucleusmay enter into the RBCmem-
brane and affect the phospholipid layer. In both cases, the hydrocarbon
element in themolecule has to take a ﬂat but not crooked conformation.
Carboxylic groupsmay locate in the lipid–water interface rather than in
the acyl-chains of phospholipid layer and play a role in stabilizing the
RBC membrane.
We propose that the effect of dicarboxylic and/or tricarboxylic
acids on the RBC membrane can be regarded as a “wedge-like effect”.
2384 H. Mineo et al. / Biochimica et Biophysica Acta 1828 (2013) 2379–2384This is because the membrane stabilization and resistance to osmotic
pressure are increased by hydrocarbons penetrating the lipid layer,
while the two carboxylic groups remain on the surface of the RBC
membrane. The ﬁndings presented herein appear to provide a key
to the clariﬁcation of the mechanism underlying the interaction of
more complicated chemicals and the lipid layer of the cell membrane.References
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